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SUMMARY 


An  investigation  was  made  to  determine  the  energy  necessary  to 
cause  breakage  and  uprooting  of  hardwood  trees,  and  to  determine  the 
extent  of  damage  that  may  occur  in  a hardwood  forest  at  a given  energy 
level.  The  analysis  presented  in  this  paper  delineates  essential 
parameters  involved  in  breakage  and  uprooting  of  tree  stems  by  a single 
load.  These  parameters  provide  a basis  for  the  correlation  of  experi- 
mental data. 

Twenty-four  trees  consisting  of  six  species  selected  from  a 
site  II  or  better  mixed -hardwood  forest  were  tested  under  static 
loading.  Quantitative  measures  of  the  force  and  deflection  required 
to  break  and  uproot  these  trees  were  recorded. 

Static  work  modulus  values  were  calculated  by  use  of  dimension- 
less parameters  of  force,  deflection,  and  restoring  force  constant 
derived  from  the  field  data  for  each  tree.  The  results  are  presented 
by  plotting  the  actual  frequency  distributions  of  the  static  work 
moduli  by  species  and  type  of  failure,  or  both,  as  percent  of  cases 
occurring  which  are  equal  to  or  less  than  any  chosen  modulus  value. 

The  general  level  and  magnitude  of  the  frequency  distributions  were 
found  to  be  approximately  the  same  regardless  of  species  or  type  of 
failure.  Statistical  tests  Indicate  that  all  the  trees  tested  are 
from  the  same  population.  Therefore,  grouping  of  all  static  work 
modulus  values  into  one  frequency  distribution  appears  to  be  justified. 

Application  of  the  results  of  this  study  should  permit  the 
prediction  of  the  energy  required  to  break  or  uproot  any  given  tree 
in  a site  II  or  better  hardwood  forest  for  any  probability  level.  The 
extent  of  damage  that  this  forest  may  sustain  for  a given  energy  level 
may  also  be  predicted. 
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INTRODUCTION 


/ 


Wind  damage  in  the  form  of  fallen  and  broken  trees  has  been 
studied  in  both  conifer  and  hardwood  forests.  The  damage  was  often 
very  heavy  and  extensive.  Anderson  (1)— ' reported  damage  in  Scotland 
totaling  more  than  45  million  cubic  feet  of  timber  after  the  storm 
of  January  31,  1953.  Clapp  (5)  and  Curtis  (6)  estimated  that  between 
3 and  4 billion  board-feet  of  timber  was  windthrown  in  New  England 
by  the  hurricane  of  September  21,  1938.  Earlier  studies  of  damage 
were  reported  by  Behre  (2),  who  gave  an  account  of  the  blowdown  in 
the  Adirondacks  after  the  windstorm  of  1916,  and  Cajander  (4),  who 
studied  the  damage  caused  by  a storm  which  struck  Finland  in  1933* 

Despite  the  copious  amount  of  literature  pertaining  to  wind- 
fall and  breakage  of  trees,  very  little  progress  has  been  made  in 
quantitative  determination  of  the  force  necessary  to  cause  uprooting 
and  breakage,  and  of  the  extent  of  damage  associated  with  known  forces 
In  his  thorough  investigation  on  New  England  hurricanes,  Smith  (15) 
attempted  to  classify  123  storms  according  to  the  intensity  of  damage 
which  was  known  to  be  caused  or  may  have  been  caused  by  these  storms. 
Smith  acknowledges  the  fact  that  the  classification  was  unsatisfactory 
because  of  a lack  of  information  on  damage  and  variability  in  method 
with  which  wind  velocities  were  recorded  at  different  localities. 

Sherlock  et  al  (14)  investigated  the  variation  in  strength  of 
transmission  poles  in  relation  to  the  wind  forces  which  act  against 
them.  They  concluded  that  the  distribution  of  the  windload  to  the 
individual  poles  in  the  line  depended  on  the  relative  flexural  stiff- 
ness of  the  poles  as  well  as  the  relative  resistance  to  movement  in 
the  ground.  Trees  may  be  subjected  to  similar  wind  forces  as  poles, 
but  the  reactions  of  the  trees  to  these  forces  are  quite  different 
because  of  differences  in  base  fixity.  Day  (7)  in  his  study  on  wind- 
throw  observed  a definite  rocking  of  the  tree’s  root  system  before 
it  was  thrown. 

The  purpose  of  this  study  is  to  determine  l)  the  energy  neces- 
sary to  cause  breakage  and  uprooting  of  hardwoods  and  2)  the  extent 
of  damage  that  may  be  expected  in  a hardwood  stand  when  exposed  to 
different  levels  of  energy. 


1/  Underlined  numbers  in  parentheses  refer  to  Literature  Cited 
page  43. 


-7- 


Previous  studies  on  breakage  of  conifers  by  static -loading 
have  been  reported  by  Fons  (_10)  and  Sauer  et  al  (_13) , and  from  these 
investigations  breakage  of  conifers  was  related  to  known  forces  and 
the  probability  of  breakage  with  given  forces  could  be  predicted. 

The  analysis  which  follows  is  based  on  a similar  approach  using  a 
static  work  modulus  parameter  in  analyzing  the  field  data. 

PROCEDURE 

Data  for  this  report  were  collected  in  the  summer  of  1952  from 
a site  class  II  or  better  mixed-hardwood  forest  in  the  Pisgah  National 
Forest,  North  Carolina.  The  elevation  of  the  general  area  on  which 
trees  were  tested  was  approximately  2,300  feet.  The  species  included 
in  this  study  are  given  in  table  1. 


Table  1. --Common  and  botanical  names  of  test  trees 


Common  name 

Key 

Botanical  name 

Yellow-poplar 

Y.P. 

Liriodendron  tulipifera  L. 

Sweet  birch 

S.B. 

Betula  lenta  L. 

American  beech 

A.B. 

Fagus  grandifolia  Ehrh. 

Pignut  hickory 

P.H. 

Cary a glabra  Sweet 

Silver  maple 

S.M. 

Acer  saccharinum  L. 

Scarlet  oak 

S.O. 

Quercus  coccinea  Muenchh 

Trees  were  selected  on  the  basis  of  good  stem  form,  freedom 
from  defects,  and  vigorous  growth.  Trees  varied  in  diameter  from 
6 to  22  inches  and  in  height  from  49  to  100  feet. 


For  each-tree  selected  for  testing,  total  height* -diameter  at 
breast  height,—''  and  position  of  load  application  points  were  measured 
(figure  6).  After  the  tree  was  limbed  and  topped  above  the  loading 
point,  the  stem  was  rigged  with  cable,  and  the  necessary  recording 
instruments  were  arranged  in  a manner  shown  in  figure  1.  The  general 
set-up  was  similar  to  that  used  by  Fons  (10)  in  his  work  on  conifers 


~27  Breast  height  is  4-1/2  feet  above  ground  level. 

3/  Loading  point  was  arbitrarily  set  at  the  midpoint  of  the  crown. 
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Figure  1. --Layout  for  static  bending  test 


except  for  the  manner  in  which  the  deflection  of  the  loading  point  was 
determined.  In  this  study  two  leads  of  fish  line  were  attached  on 
opposite  sides  of  the  loading  point  and  in  the  same  plane  as  the  cable 
and  central  axis  of  the  tree.  The  lines  were  held  in  tension  by  spring- 
loaded  wooden  spools  2 feet  in  circumference  onto  which  the  lines  were 
wound  (figure  2).  Each  spool  was  connected  to  a separate  counter  cali- 
brated to  register  movement  of  the  loading  point  in  counts  equivalent 
to  1/10  of  a revolution  of  the  spool  (0.2  ft.). 


Figure  2. --Spring-loaded  spools  for  loading-point  movement 
determinations  in  static  bending  tests 

The  ring  dynamometer  (figure  3)  and  the  Sanborn  127  oscillograph 
used  by  Fons  were  also  employed  in  this  study  for  load  measurement  and 
recording. 


Figure  3. --Ring  dynamometer  for  load  measurement 
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Loading  was  stopped  at  successive  intervals  of  3 to  4 feet  deflec- 
tion at  which  time  the  counters  were  read  and  the  force  recorded  on  the 
oscillograph.  This  procedure  continued  until  the  stem  broke  or  uprooted 
(figures  4 and  5).  From  the  series  of  counter  readings,  the  deflection 
of  the  loading  point  could  be  plotted  by  triangulation  for  correspond- 
ingly measured  loads . 


Figure  4- — Typical  tree  stem 

break,  TB-8,  scarlet 
oak 


Figure  5. --Uprooted  tree  stem, 
TA-38,  sweet  birch 


After  the  stem  failed,  cuts  were  made  at  stump  height,—^  breast 
height,  below  and  above  the  break  when  breakage  occurred,  and  at  conven- 
ient intervals  along  the  remaining  portion  of  the  stem.  Characteristics 
of  the  failure  were  recorded  along  with  its  position  on  the  stem,  and 
average  diameters  inside  bark  at  each  cut  were  measured  for  determination 
of  form  factor. 


Stump  height  is  1 foot  above  ground  level. 
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DATA  AND  RESULTS 


Table  2 presents  data  on  the  physical  characteristics  of  each 
tree  stem  tested,  grouped  according  to  species.  Deflection  at  failure, 
and  position  of  loading  (figure  6)  and  of  breakage,  when  breakage 
occurred,  are  also  presented. 


Determination  of  the  force  at  failure,  R , required  the  calcu- 
lation of  an  equivalent  force  acting  horizontally  at  the  loading  point 
(figure  7)  whose  moment  at  breast  height  is  equal  to  the  moment  created 
by  the  recorded  force  R . The  equivalent  force  at  each  interval  of 
deflection  and  at  failure  was  determined  by  the  equation 


R = 
e 


R x 
a 

H 

cp 


(1) 


Figures  8-11  illustrate  typical  force-deflection  curves  obtained 
in  this  study  where  the  chord  deflections  at  corresponding  equivalent 
forces  were  measured  from  plotted  points  derived  from  counter  readings. 
In  the  region  where  the  deflection  is  proportional  to  the  applied  equiv- 
alent force  the  actual  restoring  force  constant,  k , was  determined  from 
these  curves.  These  values  are  presented  in  table  2.  Force-deflection 
data  for  all  trees  tested  are  tabulated  in  Appendix  A. 


The  values  of  a and  b in  table  2 are  the  constants  in  Behre's  f3) 
stem- form  equation 


f 

Z af  + b 


(2) 


and  were  obtained  from  graphs  drawn  for  each  tree  similar  to  the  one  in 
figure  12.  In  drawing  the  straight  line,  taper  curves  (figure  13)  were 
plotted  for  each  tree  to  serve  as  guides  in  weighing  those  points  having 
the  most  influence  on  stem  form. 


Mechanical  properties  used  for  computations  were  for  green  wood 
and  are  presented  in  table  3 (ll) . Table  4 presents  a summary  of  the 
type  of  stem  failures  that  occurred  for  the  species  tested. 

Stem-breakage  parameters  presented  in  table  5 were  calculated 
from  equations  previously  derived  by  Fons  (10)  and  Sauer  et  al  (13)  in 
their  conifer  breakage  reports.  Only  those  equations  directly  used  in 
determining  the  various  parameters  are  presented  in  the  text  of  this 
study.  Reference  should  be  made  to  the  before-mentioned  reports  for 
complete  derivations. 
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Table  2. --Experimental  stem  breakage  data—' 
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1/  Nomenclature  given  on  page  45. 


Figure  6. --Schematic  diagram  of  tree  stem  and 

associated  parameters,  nomenclature, 
page  45 
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Table  3 . --Mechanical  properties  of  green  wood-' 


V 


Species 

Modulus  of 
Elasticity , E 
(lbs/sq.in. ) 

Modulus  of 
Rupture,  MR 
(lbs/sq.in. ) 

Reference  Strain 
6 = MR/E  X 10 

( M-  in. /in.)— 

Yellow-poplar 

1,090 

X 

103 

5,400 

4,930 

Sweet  birch 

1,650 

X 

103 

9,400 

5,700 

American  beech 

o 

CO 

<r\ 

H 

X 

103 

8,600 

6,330 

Pignut  hickory 

1,650 

X 

103 

11,700 

7,210 

Silver  maple 

940 

X 

103 

5,800 

6,170 

Scarlet  oak 

1,480 

X 

103 

10,400 

7,060 

T7  From'"(Tiy: 


2/  Reference  strain  values  are  averaged  calculated  values 
for  localities  cited  in  the  reference. 
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EQUIVALENT  FORCE,  Re,  (lbs)  EQUIVALENT  FORCE,  Re,  (lbs) 


Figure  8. --Force-deflection  curve  for  tree  stem 
No.  TB-8,  scarlet  oak--break 


Figure  9. --Force-deflection  curve  for  tree  stem 
No.  TB-9,  scarlet  oak--break 
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EQUIVALENT  FORCE,  R*,  (lbs)  EQUIVALENT  FORCE,  Rs , (lbs) 


DEFLECTION  AT  POSITION  OF  LOADING,  y , (ft.) 

Figure  10. --Force-deflection  curve  for  tree  stem 
No.  TA- 24 , silver  maple--uproot 


DEFLECTION  AT  POSITION  OF  LOADING,  y,  (ft) 

Figure  11. --Force-deflection  curve  for  tree  stem 
No.  TA-38?  sweet  birch- -uproot 
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QO  0.2  0.4  0.6  0.8  1.0 


f = 


H 


H 


bh 


Figure  12. --Plot  of  z/f  as  a function  of  f for 
tree  No.  TB-8,  scarlet  oak 


Figure  13. --Taper  curve  for  tree  No.  TB-8, 
scarlet  oak 
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/ 

Table  4 « --Summary  of  static  bending  results  on  hardwoods 


Species 

Type 

Break 

Uproot 

Total 

Yellow-poplar 

4 

1 

5 

Sweet  birch 

1 

3 

4 

American  beech 

1 

1 

2 

Pignut  hickory 

0 

2 

2 

Silver  maple 

0 

1 

1 

Scarlet  oak 

6 

4 

10 

Total 

12 

12 

24 

The  theoretical  restoring  force  constant,  k , was  determined 
from  the  equation 


P 3Ed.4* 
k = — — i— 

r H3  64 
bh 


(3) 


Values  of  (3,  the  restoring  force  function  which  contains  the  theoretical 
constant  k , were  obtained  from  a plot  of  the  dimensionless  expression 


k 

r 


3E  jtd^ 


(c,f‘1) 


(4) 


for  applicable  ranges  of  c and  f (figure  14 ).  Dividing  the  actual 
restoring  force  constant,  k (table  2)  by  k resulted  in  the  dimension- 
less restoring  force  modulus,  K.  r 


Stress  along  the  stem  was  obtained  from  the  equation 
S 


(f  - fx)(f  + c)3 


where 


bh 


bh 


:i  - qHi  + o)3f3 


32Reb  hh 

*d.3 

1 


(1  - fj) 


(5) 

(6) 
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RESTORING  FORCE  FUNCTION 


Figure  14 . --Dimensionless  expression  containing  restoring 
force  constant,  kj, , as  a function  of  position 
of  loading,  f , and  stem  form  factor,  c 
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and  combining  the  two  equations 


Using  Q-  in  place  of 
11 


'32Reb  V' 


itd.' 

1 


gives  an  expression 


s (f  - + o)‘ 

Qfx  (1  + c)3  f3 


(7) 


From  this  expression  stress  distribution  curves  were  determined  and 
plotted  for  each  tree  stem  tested.  Typical  curves  are  presented  in 
figure  15. 


The  position  of  maximum  stress  in  the  stress  distribution  curve 
was  found  by  the  equation 


fm  - 0 - (°2  - 3cfl)V2 


(8) 


The  ratio  of  the  maximum  stress  (S  ) to  stress  at  breast  height 
(Sbh)  was  computed  for  each  stem  by  substituting  values  of  f in 
equation  (5).  Multiplying  the  stress  at  breast  height  calculated  from 
equation  (6)  by  the  stress  ratio,  resulted  in  numerical  values  of  the 
maximum  stress,  S 


m 


For  the  12  trees  that  broke,  stress  at  position  of  breakage  was 
found  by  the  equation 


Sbr  ’ % X l Q 


(9) 


br 


Values  of  ( S/Q, 


were  determined  from  the  stress  distribution  curves 


7 br 


at  position  f. 


br ' 


Maximum  strain  per  unit  of  deflection  at  f^  was  calculated 
from  the  equation 


) 3d.  H p x 10 

_m  _ l cp  


y 


2H3bh  X 144 


m 


bh 


(10) 


Substituting  values  of  §m/y  into  the  equation 


yr  & /y  x 12 
m 


(11) 


resulted  in  reference  deflection  values  for  the  different  trees  tested. 
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Figure  15. --Typical  stress  distribution  curves  at  failure  for 
trees  breaking  (TB-8  and  TB-9)  and  trees  uprooting 
(TA-24  and  TA-38) 
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FORCE  MODULUS,  R FORCE  MODULUS,^ 


DEFLECTION  MODULUS,  Y 

Figure  16. --Dimensionless  force-deflection  curve  for  tree  stem 
No.  TB-8,  scarlet  oak 


DEFLECTION  MODULUS,  Y 

Figure  17. --Dimensionless  force-deflection  curve  for  tree  stem 
No.  TB-9,  scarlet  oak 
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Table  6. --Summary  of  statistical  tests  for  homogeneity  of  sample  population 
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Figure  18. --Actual  frequency  distribution  by  species  of  static 
work  moduli,  K,  for  trees  breaking 


Figure  19. --Actual  frequency  distribution  by  species  of  static  work 
moduli,  1,  , for  trees  uprooting 
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Figure  20. --Actual  frequency  distribution  of  static  work  moduli 
E.  , for  different  species 
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Figure  22. --Actual  frequency  distribution  of  static  work  moduli 
E,  , for  normal  and  inflected  failures 
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Figure  23. --Actual  frequency  distribution  of  static  work  moduli, 
E^,  for  all  trees  tested  grouped  into  one  sample 
population 


The  reference  force  R , for  each  tree  stem  was  obtained  by 
multiplying  the  theoretical  restoring  force  constant,  k , (equation 
(3))  by  the  reference  deflection  value,  y . 

Dimensionless  values  of  the  force  modulus,  R,  and  the  deflection 
modulus,  Y,  at  each  interval  of  deflection  and  at  failure  were  calculated 
by  dividing  R and  y by  the  reference  values  R and  y , respectively. 
Dimensionless  force-deflection  curves  were  then  plotted  using  these 
values.  Typical  curves  obtained  in  this  study  are  presented  in  figures 
16  and  17.  Force-deflection  moduli  data  for  all  trees  tested  are 
tabulated  in  Appendix  B. 

The  static  work  modulus  for  breakage  or  uprooting,  K,  was  found 
by  evaluating  the  area  bounded  by  the  theoretical  force-deflection 
curve.  Using  parameters  previously  derived  and  presented  in  table  5 


Y 

o 


(12) 


Expressing  R in  terms  of  Y and  substituting  into  equation  (12) 


E 


b 


(K  Y + m)dY  + 


Y 


1 


(KY+  m)dY 


(13) 


where  Y^  is  the  maximum  deflection  in  the  elastic  region  of  the  theo- 
retical curve,  and  m is  the  ordinate  intercept  of  the  curve. 

For  statistical  purposes  of  testing  for  homogeneity  of  the  static 
work  moduli,  the  values  of  E^  were  grouped  according  to  species  and/or 
type  of  failure.  Single  values  which  could  not  be  statistically  tested 
were  omitted  from  the  groups  involved.  For  those  groups  tested,  differ- 
ences between  means  were  found  not  significant  at  the  5 percent  level 
indicating  the  samples  tested  were  drawn  from  a homogeneous  population 
_( table  6) . Applying  the  chi-square  test  to  the  experimental  values  of 
E^  confirmed  the  hypothesis  that  the  samples  were  also  drawn  from  a 
normally  distributed  population. 

Figures  18-23  present  the  actual  frequency  distributions  of  the 
static  work  moduli  for  the  various  groupings  as  percent  of  the_cases 
occurring  which  are  equal  to  or  less  than  any  chosen  value  of  E^.  As 
before,  single  values  which  could  not  be  compared  were  not  included  in 
the  distributions  concerned. 
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DISCUSSION  OF  RESULTS 


/ 


Because  of  the  heterogeneous  nature  of  wood,  considerable  vari- 
ation in  strength  and  other  related  properties  are  to  be  expected.  Even 
when  clear  specimens  are  tested,  the  variation  is  surprisingly  large  (16). 

When  the  force-deflection  data  gathered  in  this  study  were  plotted, 
it  was  found  that  some  of  the  trees  exhibited  curves  with  a definite 
inflection  (figure  9)  before  failure  by  breaking  or  uprooting  occurred. 

In  some  cases  a steady  drop  in  force  (figure  10)  was  recorded  before 
failure.  These  deviations  from  the  normal  type  of  curves  (figures  8 and 
11)  can  be  explained  in  part,  if  not  completely,  by  the  base  fixity  of 
the  trees  in  relation  to  their  strength  properties. 

Fegel  (9)  who  investigated  the  strength  properties  of  trunk, 
branch,  and  root  wood  in  certain  northeastern  trees,  which,  incidently, 
included  some  of  the  species  studied  in  this  report,  found  root  wood  to 
be  much  weaker  in  tension  and  compression  than  either  trunk  or  branchwood. 
His  results  indicate,  however,  that  root  wood  stressed  in  tension  was 
approximately  equal  in  strength  to  trunk  wood  stressed  in  compression. 

In  addition,  root  wood  was  found  to  be  approximately  twice  as  strong  in 
tension  as  it  was  in  compression. 

If  a force  of  sufficient  magnitude  is  applied  to  a tree  such  that 
the  wood  in  the  stem  is  stressed  beyond  the  elastic  limit,  further  loading 
may  cause  the  roots  to  fail  in  compression.  This  was  brought  out  by 
Mergen  (12)  in  his  paper  on  the  mechanics  of  wind-breakage  and  windthrow. 
He  emphasized  the  fact  that  the  roots  of  a tree  which  is  not  firmly  fixed 
at  its  base  would  fail  in  compression  on  the  leeward  side  before  the 
roots  on  the  windward  side  are  subjected  to  tension  stresses.  Depending 
on  the  tenacity,  distribution,  and  strength  of  the  roots  on  the  tension 
(windward)  side  of  the  tree,  variations  in  the  form  of  the  force- 
deflection  curves  can  be  expected.  If  the  roots  are  quite  firm  when 
stressed  in  tension,  an  inflection  in  the  curve  will  result.  Whether 
the  stem  uproots  or  breaks  after  the  inflection  depends  on  the  aggregate 
strength  of  the  roots  in  comparison  to  the  stem  strength.  If,  on  the 
other  hand,  the  roots  are  not  firm  when  stressed  in  tension,  excessive 
root  slippage  will  occur  with  a subsequent  drop  in  force  as  the  stem 
uproots.  It  is  interesting  to  note  that  a drop  in  force  can  also  occur 
when  a stem  is  stressed  to  breakage.  This  is  a result  of  compression 
failures  forming  along  the  stem  as  it  is  stressed. 

It  can  be  seem  from  the  summary  presented  in  table  4 that  uproot- 
ing failures  occurred  in  all  species  tested  and  breakage  in  all  but  two, 
pignut  hickory  and  silver  maple.  Additional  tests  would  have  undoubtedly 
resulted  in  breakage  failures  for  these  two  species  also. 
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From  the  preceding  discussion  it  is  apparent  that  soil  moisture 
plays  an  important  role  in  determining  the  base  fixity  of  the  tree  stem. 
Many  workers  have  reported  that  excessive  moisture  in  the  soil  coupled 
with  poor  drainage  were  important  determinants  in  windthrow  (1,7,8,12,15) . 

Throughout  the  summer  of  1952,  when  the  trees  for  this  paper  were 
tested,  heavy  periodic  precipitation  was  encountered.  There  was,  however, 
no  noticeable  difference  in  the  frequency  of  uprooting  during  these  periods. 
Good  drainage  in  the  clay  type  soil  of  the  test  area  may  partially  explain 
this  discrepancy. 

For  those  trees  that  broke,  position  of  breakage,  f^r,  was  found 
to  be  near  or  at  breast  height  (table  2).  Stress  at  position  of  breakage 
calculated  by  equation  (9)  averaged  lower  for  the  different  species  than 
either  the  calculated  maximum  stress,  S , or  the  modulus  of  rupture  for 
green  sawed  specimens  (table  3)-  m 

Differences  in  base  fixity  and  structural  irregularities  in  tree 
stems  account  for  the  major  part  of  the  variation  in  magnitude  of  the 
moduli  R^,  Y^,  and  K.  These  irregularities  include  variations  in 
mechanical  properties  of  the  wood  due  to  differences  in  growth  rate, 
specific  gravity,  and  percentage  of  sapwood.  The  influence  of  sapwood 
on  mechanical  properties  was  demonstrated  by  Wakefield  (17)>  who  found 
the  sapwood  of  yellow  birch  27  percent  stronger  than  heartwood  in  work 
to  maximum  load  even  though  the  heartwood  averaged  higher  in  modulus  of 
rupture.  Other  irregularities,  such  as  variations  in  soundness,  stem 
form,  injury,  and  knot  distribution,  also  contribute  to  the  variation 
of  these  three  moduli. 

Since  the  equation  to  calculate  the  static  work  modulus  (equation 
(13))  does  not  delineate  the  force  modulus  at  the  proportional  limit, 
nor  define  the  elastic  and  plastic  regions  of  the  theoretical  force- 
deflection  curve,  a constant  force  modulus  in  the  plastic  region  was 
assumed.  For  the  majority  of  the  trees  tested,  the_static  work  modulus 
was  calculated  using  the  maximum  computed  value  of  R as  the  constant 
force  modulus  (figure  16).  Where  a tree  exhibited  an  inflection 
(figure  9),  however,  the  static  work  modulus  was  based  on  the  force 
modulus  at  the  inflection  (figure  17) . Treating  "inflection"  trees  in 
this  manner  was  necessary  in  view  of  the  fact  that  using  the  maximum 
R value  would  have  resulted  in  values  much  greater  than  the  actual 
static  work  moduli  of  these  trees. 

The  assumption  that  the  force  modulus  is  constant  in  the  plastic 
region  gave  slightly  higher  values  of  E,  than  was  actually  absorbed. 

This  can  be  seen  in  comparing  the  actual  curves  with  the  theoretical 
curves  in  figures  16  and  17. 


-34- 


Although  the  method  used  to  calculate  the  static  work  modulus 
does  not  take  into__account  the  energy  of  inflection  exhibited  by  some 
of  the  trees , the  E,  values  presented  in  this  paper  have  included  this 
energy  as  part  of  the  static  work  modulus.  This  was  done  after  it  was 
found  that  the  energy  of  inflection  was  only  a small  part  of  the  total 
static  work  modulus. 

From  table  6 it  is  apparent  that  some  species  were  not  included 
in  the  various  groups  segregated  for  statistical  analysis.  They  were 
deleted  because  of  a limited  sample  of  trees  taken  for  the  various 
species  and  the  occurrence  of  single  values  of  E^  which  could  not  be 
statistically  evaluated  for  a specific  group.  Even  with  these  limita- 
tions, however,  the  results  indicate  the  trees  for  this  study  were  from 
a homogeneous  population  and  could  be  treated  as  a group. 

The  actual  frequency  distribution  of  the  various  groups  of  E^ 
values  (figures  18-22)  were  plotted  to  determine  whether  species  or  type 
of  failure  had  any  affect  on  the  energy  level  of  failure  for  these  groups 
in  comparison  to  the  actual  frequency  distribution  of  all  trees  tested, 
grouped  into  one  sample  population  (figure  23).  The  greatest  variance 
can  be  seen  in  figures  18-20,  where  the  energy  levels  were  approximately 
the  same  but  the  range  of  E^  values  within  a group  showed  large  vari- 
ations. A major  part  of  these  variations  can  be  explained  by  the  limited 
data  collected  for  the  various  species.  A larger  sample  would  undoubtedly 
have  given  much  better  results . 

Froro__figures  21-22  it  can  be  seen  that  the  actual  frequency  distri- 
butions of  E-b  values  of  the  various  types  of  failures  varied  only  slightly, 
and  the  energy  levels  were  approximately  the  same  in  magnitude.  This 
would  seem  to  indicate  that  breakage  and  uprooting,  with  or  without  an 
inflection,  require  the  same  amount  of  energy. 

It  should  be  pointed  out  at  this  time  that  even  though  data  for 
only  one  silver  maple  were  collected  in  this  study,  the  data  were  included 
in  the  distribution  curve  for  all  trees  (figure  23).  This  decision  was 
based  on  the  value  of  the  static  work  modulus  calculated  for  this  tree, 
which  appeared  to  be  of  the  same  order  of  magnitude  as  that  for  the  other 
species  studied  (see  table  5). 

From  the  frequency  distribution  curve  of  E^  values  presented  in 
figure  23,  the  energy  required  to  break  or  uproot  any  given  tree  in  a 
site  II  or  better  mixed-hardwood  forest  can  be  predicted  for  any  proba- 
bility level.  The  extent  of  damage  that  a site  II  or  better -mixed 
hardwood  forest  may  sustain  for  a given  energy  level  can  also  be  pre- 
dicted. Based  on  the  sample  taken  for  this  study,  approximately  one-half 
of  the  failures  that  will  occur  in  this  site-class  will  be  by  breaking. 
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CONCLUSIONS 


1)  Results  of  this  study  permit  the  prediction  of  the  energy 
necessary  to  cause  breakage  and  uprooting  of  hardwoods  in  a site  II  or 
better  forest. 

2)  The  extent  of  damage  that  may  be  sustained  by  this  forest  at 
a given  energy  level  may  also  be  predicted. 

3)  Based  on  the  sample  studied,  approximately  one-half  of  the 
failures  that  will  occur  will  be  by  breaking. 

4)  The  energy  required  to  break  or  uproot  hardwood  trees  is 
approximately  equal. 

5)  The  position  of  breakage  for  hardwood  tree  stems  is  at  or 
near  breast  height. 

6)  Stress  at  position  of  breakage  averaged  lower  than  the  cal- 
culated maximum  stress. 

7)  Base  fixity  is  a very  important  factor  in  determining 
whether  failure  is  by  breaking  or  uprooting. 
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APPENDIX  A 


EQUIVALENT  FORCE  AND  CHORD -DEFLECT I ON  FOR  STATIC  BENDING  TEST 
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Table  7. --Equivalent  force  and  chord-deflection  for  static  bending  test 
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Table  8. -“Force  modulus  and  deflection  modulus  for  static  bending  test 
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1/  Moduli  in  last  column  for  each  tree  are  values  at  failure. 
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1/  Moduli  in  last  column  for  each  tree  are  values  at  failure. 
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NOMENCLATURE 


The  following  nomenclature  is  used  in  the  paper: 

a = constant  in  stem-form  equation 

b = constant  in  stem-form  equation 

c = — , stem- form  factor 
a 

d = diameter  along  stem  inside  bark,  in. 
eL^  = stem  diameter  at  breast  height,  in. 
d_j,  = stem  diameter  inside  bark  at  breast  height,  in. 

E = modulus  of  elasticity,  Ibs/sq.  in. 

E^  = static  work  modulus  at  failure 

f = H/H^ , fractional  height  of  stem  measured  from  top  of  stem  downward 

f = position  of  stem  breakage 

f = position  of  maximum  stress 
m 

f^  = position  of  loading 

H = height  of  stem  measured  from  top  of  stem  downward,  ft 

= height  of  stem  above  breast  height,  ft 

H s = height  of  stem  above  breast  height  to  loading  point,  ft 

cp 

Hq  = total  height  of  tree  from  ground,  ft 
1^  = moment  of  inertia  inside  bark  at  breast  height,  in. 
k&  = actual  restoring  force  constant,  Ibs/ft 
k^  = theoretical  restoring  force  constant,  lbs/ft 
L = moment  arm 

K = k /k  , restoring  force  constant  modulus 
8.  I* 

MR  = modulus  of  rupture,  Ibs/sq  in. 
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CL 


32R-  »bh 


eb 

\ rtd . 

1 


3 


, stress  function  at  f = 1 


R = 


R = 


R 


eb 

R = 
r 

R = 

*b  = 
S = 

3bh  = 

tr 

s = 

m 

y = 

yb  = 

yr  = 
Y = 

V 

z = 

P = 

5 = 
m 

5 = 
r 

if  = 


actual  force,  lbs 

equivalent  force,  lbs 

equivalent  force  at  failure,  lbs 

reference  force,  lbs 

R /R  , force  modulus 

R , /R  , force  modulus  at  failure 

extreme  fiber  stress,  lbs/sq.  in. 

extreme  fiber  stress  at  breast  height,  lbs/sq.  in. 

extreme  fiber  stress  at  position  of  stem  breakage,  lbs/sq.  in. 

maximum  extreme  fiber  stress,  lbs/sq.  in. 

stem  deflection  at  point  of  loading,  ft 

deflection  at  failure,  ft 

reference  deflection,  ft 

y/y  , deflection  modulus 

Y-u/y  > deflection  modulus  at  failure 
b r 

d/d^,  ratio  of  diameter  of  stem  to  diameter  at  breast  height 

k H3 
r bh 

3EL 


, restoring  force  function 


maximum  strain,  in. /in. 
reference  strain,  p in. /in. 
a function 
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